Manufacturing of fertilisers at a site in Johannesburg, South Africa, has resulted in the localised contamination of the shallow groundwater. The latter migrates through the weathered granite zone and emerges as base flow to the natural drainage system that ultimately exits the site. The water quality is acidic and is contaminated with respect to nitrate, sulphate, aluminium, fluoride and manganese. Treatment of this water is therefore necessary before discharge.
Introduction
A large fertiliser manufacturing facility near Johannesburg, South Africa, has been in operation since 1896. Various activities have been undertaken on the site, from the manufacture of explosives for the military to the production of fertilisers and associated chemicals. Site assessments of the soil, surface and groundwater quality show that the seepage of contaminated water from the historical fertiliser factory area has resulted in the localised contamination of the shallow groundwater (SRK, 2002) .
The shallow groundwater migrates through the highly weathered granite zone and emerges as base flow to the stream flowing through the contaminated area. The stream flows to the southwest where it joins an east-west tributary of the main river flowing through the site (Fig. 2) . The flow of 3.1 m 3 /h (flow varies from 1.3 m 3 /h to 20 m 3 /h) is acidic with concentrations of nitrate, sulphate, aluminium, fluoride and manganese in excess of the recommended receiving water quality objectives (Table 1) .
The current treatment strategy for wastewater and effluent is the addition of lime to neutralise the water to a pH of 7. The water is gravitated to an evaporation dam and excess water is sprayed onto grasslands for nitrogen uptake. Effluent minimisation and alternative treatment strategies are being considered to reduce the impact on groundwater and to improve the quality in streams to within the compliance levels stipulated in the effluent site permit.
The initial proposal for rehabilitation of the site's contaminated groundwater was for the installation of a seepage cut-off trench immediately down-gradient of the factory area where the majority of the contamination emanated (SRK, 2001) . Subsequent investigations indicated that the depth to bedrock is extremely variable (0.5 m to >12 m) making the installation of a cut-off trench along the proposed trench line neither practical nor effective for intercepting groundwater emerging into the stream further down-gradient (SRK, 2003) .
A more practical option would be to intercept the groundwater where it is laterally constrained within the channelled stream approximately 1km down-gradient of the factory and where the depth to bedrock is shallower than that typically associated with the deep weathering profile on the slopes of the granite outcrop higher up the hill (SRK, 2003) . In situ passive rehabilitation of groundwater using a permeable reactive barrier at this point could offer a potentially cheaper, low maintenance and selfsustaining alternative to pumping this water up the hill to the effluent treatment plant.
A permeable reactive barrier (PRB) is defined as 'an engineered treatment zone of reactive media that is placed in the subsurface and designed to intercept a contaminant plume, provide a flow path through the reactive media and transform the contaminants into an environmentally acceptable form to attain remediation concentration goals down-gradient of the barrier' (Carey et al., 2002 ).
An anoxic limestone drain (ALD) comprising a buried bed of limestone is an example of a PRB. The acidic water reacts with the limestone aggregate and results in the addition of alkalinity to the water. Reducing conditions are induced to limit the potential for armouring by the precipitation of iron or manganese oxides on the aggregate. A carbon source may be mixed with the limestone to enhance reducing conditions. A typical cross-section of horizontal flow in an anoxic limestone drain is illustrated in Fig. 2 (Pulles et al., 2001) . Passive remediation strategies for inorganic species aim to utilise natural transformation mechanisms to reduce, retard, immobilise or transform potentially harmful inorganic species dissolved in the water into immobile species. This would be achieved by, for example, sorption, precipitation or biological transformation of the dissolved species to less polluting species within the barrier (Carey et al., 2002) . Denitrification and sulphate reduction only occur in oxygen-deficient systems. Similarly, once nitrate is no longer available, conditions are optimised for sulphate-reducing bacteria to utilise the oxygen in sulphate as an electron acceptor, provided ferric iron is absent. This would typically result in increased reducing conditions along the groundwater flow path.
In order to comply with the site's effluent permit concentrations (otherwise termed the receiving water quality objectives) it would be necessary to neutralise the water from a pH of 3 to around 7 and decrease the concentrations of nitrate (520 to 12 mg/ℓ as N), sulphate (1 700 to 200 mg/ℓ), aluminium (120 to 20 mg/ℓ), manganese (64 to 0.4 mg/ℓ) and fluoride (1.5 to 2 mg/ℓ).
Optimal conditions for denitrification include a neutral pH, temperatures of around 25°C, anoxic conditions (Eh around 0mV), and a readily available carbon source. (Shrimali and Singh, 2001; Robertson and Cherry, 1995) . Similarly, optimal conditions for sulphate reduction include a pH of between 5 and 8, anaerobic conditions (Eh<100 mV), sulphate concentrations of greater than 100 mg/ℓ and a readily available single-chain carbon source. (Hedin et al., 1994) The reactive media that are used in the PRB must be sufficiently reactive to treat water for several years and should reduce contaminants of concern without leaching additional contaminants to the environment. The hydraulic permeability should be high enough to avoid clogging but sufficient to allow for the residence time required to allow the bacteria to reduce contamination to the required levels. The reactive media required for biologically mediated transformations must also support colonisation by the required bacteria.
Feasibility and laboratory tests
The feasibility of a using a PRB to treat the sulphate-and nitratecontaminated acidic groundwater at this site was assessed using screening methods outlined for EPA sites by the USA National Groundwater and Contaminated Land Centre (Carey et al., 2002) . The feasibility assessment was based on a site investigation and conceptual site model, used to determine the practical constraints to installing the barrier, and preliminary laboratory tests to assess the feasibility of using locally available reactive media in the PRB. The reactive media include mushroom compost, to be used as a carbon source for the biological transformation of nitrate and sulphate, and dolomite gravel for the dual purposes of neutralising acidity and creating permeability in the PRB.
Laboratory tests
The suitability of reactive media for the PRB was determined using laboratory leach tests on dolomite and mushroom compost, to determine the constituents that could potentially leach into the solution. Small-scale batch tests of various composites of the mushroom compost and gravel media were to assess the amenability of contaminants for treatment. The batch tests were used to establish the proportion of mushroom compost to neutralisation media that would be optimal for the PRB. Other laboratory tests included analysis of the seepage water and of the composition of the mushroom compost, dolomite and limestone. Small-scale batch testing of various composites of the mushroom compost and gravel media was conducted to determine the conditions that would occur in the PRB and to establish the optimal proportion of mushroom compost to neutralisation media.
Due to cost constraints, only mushroom compost was considered for the reactive media in the batch tests. The compost, derived from chicken manure and sterilised for sale to the public, was obtained from a nursery in Midrand. The dolomite aggregate was obtained from Lyttelton Quarry in Midrand and grades of <19 mm and <37 mm were selected for use in the batch tests (Taylor et al., 2001) . Limestone was supplied by PPC cement at a similar grade of <20 mm.
Results and discussion

Seepage water analyses and composition
The detailed analysis of the water in the seepage sample is compared with the receiving water quality objectives required by 
Composition of reactive media
An ICP metals scan, de-ionised water leach test and paste pH were undertaken for the mushroom compost, dolomite and limestone. The results are summarised in Table 2 . The ICP analysis indicates that dolomite is relatively impure in comparison to the limestone and comprises higher concentrations of silica, manganese, iron and aluminium. It should be noted that concentrations of aluminium and barium were unexpectedly high in ICP solids analyses for the compost sample. The reason for this is unknown. The deionised leach tests indicate, however, that the potential for concentrations of aluminium and barium to leach from the compost is negligible. The deionised water leach tests on the dolomite and compost indicate that calcium, magnesium, potassium and sodium will leach from the dolomite and sodium, phosphate, potassium, calcium, magnesium, nitrate, sulphate and chloride from the compost.
The saturated paste pH and available neutralising potential (NP) of the limestone and dolomite are presented in Table 3 . The high positive NP indicates that both the limestone and dolomite will generate alkalinity.
Small-scale batch tests
Although batch tests do not reproduce the solid-to-liquid ratios likely to be found within the PRB (Carey et al., 2002) , they can be used as a screening tool to provide initial confirmation that the water is amenable to treatment. Batch reactor vessel tests following a methodology similar to the sequential batch leachate test (modelled after the ASTM test method D4793) were therefore used to evaluate the effectiveness of each blend of material treating the seepage from the site (Elliot, 2003) . A composite of 50 ℓ of shallow groundwater was obtained from auger holes at the site for use in the test.
Five duplicates were made for each test so that each cell could be kept closed and airtight from the initial addition of the seepage solution until analysis. Samples were collected from the batch reactor vessels after: 1, 7, 14, 29 and 43 d.
Amenability to treatment
A summary of the results for the limestone, dolomite and compost mixes of the batch tests at 1 d and after 48 d is compared to the seepage analyses and permit concentrations in Table 5 .
The results from the batch tests indicate that: 
Field tests
Auger holes were drilled to refusal along and across the valley channel from the granite outcrop 300 m up-gradient of the confluence with the downstream tributary to about 1 km from the old factory site. The position of the auger holes and study area is presented in Fig. 2 . The study indicated that subsurface seepage is along a broad front and is controlled by the depth to bedrock. The depth to bedrock varies from 6.5 m up-slope becoming shallower down-slope at 1.2 m and outcrops before the confluence. The study showed that the groundwater appears to be naturally funnelled in the valley area, constraining lateral flow. A cross-section of the area is presented in Fig. 3 . Auger holes were used to study subsurface seepage, soil profiles, bedrock topography and permeability.
Groundwater flow conditions
Soil types were found to vary from fine silty sands to localised areas of clay residual from granite. Ferricrete concretions and mottling characteristic of ferruginisation and a shallow water table were evident in some of the soil profiles, especially adjacent to the channel. Water is intercepted in a narrow zone adjacent to the stream at a depth of about 2 m (upslope) to 1 m (down-slope).
Permeability tests
Percolation permeability tests were completed in two of the holes, one up gradient within the clayey horizons and one down gradient in the silty sand. The permeability varied from 0.93 m/d (1.07 x 10 -5 m/s) in the clayey sand formation to 24 m/d or 2.8 x 10
-4 m/s in the silty sand, correlating well with literature values for silty sand (Freeze and Cherry, 1979) .
Feasibility assessment
The feasibility of using a PRB down-gradient of the fertiliser manufacturing site is summarised in Table 6 . Notes: * = Receiving water quality guidelines specified by DWAF for the site effluent permit (1) = Drever, 1997 (2) = Concentrations must be <2 mg/ℓ to reduce the potential for armouring (Laine and Jarvis, 2003; Younger et al., 2003) (3) = Domestic water quality guidelines: concentrations generally do not constitute a health risk. Concentrations in excess of concentration in brackets represent health risks (DWAF, 1996) Long-term column tests are required to determine the long term performance of the barrier
• By-products from treatment process do not present an unacceptable risk to the environment Ammonia, sodium, chloride and potassium is leached from compost and would constitute a risk to the environment
The potential for leaching of organic acids was not addressed
• The PRB will capture the contaminant plume
The site investigations indicate that the shallow groundwater contamination can be intercepted in this area
The deeper groundwater contamination can not be treated by the PRB. The impact on the deeper aquifer was assumed to be marginal The main limitation, for both dolomite and limestone, would be the long-term effect of armouring and permeability. Armouring with aluminium hydroxide or manganese oxides would decrease the reactive surface area and may cause clogging of the pore spaces, restricting the flow of groundwater through the PRB. The long-term efficiency of the dolomite as a neutralising agent can, however, only be confirmed by long-term column testing.
Feasibility of mushroom compost as a carbon source
Limited success was achieved in the compost mix cells for the treatment of nitrate, sulphate, fluoride and metals (manganese and aluminium). This was demonstrated by improved water quality with respect to fluoride, aluminium, manganese and nitrate. In contrast, water leaching from the compost composite was of poorer quality water with respect to sulphate, chloride, sodium, potassium, COD and ammonia. This resulted in a net increase in salt concentrations represented by the increased electrical conductivity.
Suitability of site conditions for a PRB
The site conditions, as defined by the shallow depth of granitic bedrock, low permeability (10 -5 m/s) and natural funnelling of seepage indicate that it would be practical to intercept groundwater within the proposed area.
Overall conclusion
The overall results indicate that groundwater interception and the installation of a PRB at the site is practicable but that mushroom compost is not suitable as a carbon source. Alternative options should therefore be considered. 
